Sepsis is associated with cardiovascular changes that may lead to development of tissue hypoperfusion. Early recognition of sepsis and tissue hypoperfusion is critical to implement appropriate hemodynamic support and prevent irreversible organ damage. End points for resuscitation need to be defined and invasive hemodynamic monitoring is usually required. Targets for hemodynamic optimization should include intravascular volume, blood pressure, and cardiac output. Therapeutic interventions aimed at optimizing hemodynamics in patients with sepsis include aggressive fluid resuscitation, the use of vasopressor agents, inotropic agents and in selected cases transfusions of blood products. This review will cover the most important aspects of hemodynamic optimization for treatment of sepsis induced tissue-hypoperfusion.
Introduction
Severe sepsis and septic shock are among the most important causes of morbidity and mortality in patients admitted to the intensive care unit. It is estimated that approximately 200,000 patients die from severe sepsis in the USA every year and more than 150,000 in Europe [1] . Sepsis is associated with a spectrum of cardiovascular derangements that may lead to development of tissue hypoperfusion [2] . Tissue hypoperfusion is an important factor in the development of multiple organ failure. Therefore, recognition of sepsisinduced tissue hypoperfusion and timely clinical intervention to prevent and correct this phenomenon are fundamental aspects of managing critically ill patients with severe sepsis. This review focuses on the pathophysiology, recognition, and management of sepsis-induced tissue hypoperfusion. For a review of other aspects of sepsis management such as antimicrobial therapy, immunomodulatory therapy, corticosteroids, and other supportive therapies, the reader is referred to other recent articles [2, 3] .
Sepsis-induced tissue hypoperfusion
Our understanding of the pathophysiology underlying the development of sepsis, severe sepsis, and septic shock is continuously evolving [4, 5] . It is important to examine the cardiovascular abnormalities that are present with sepsis and the clinical implications of these abnormalities in treating sepsis-induced tissue hypoperfusion.
The hemodynamic profile of severe sepsis and septic shock is initially characterized by components of hypovolemic, cardiogenic, and distributive shock [6] . In the early phases of sepsis, increased capillary leak and increased venous capacitance will result in a decrease in venous return to the heart. Cytokines released as a result of the host response to sepsis may also cause direct myocardial depression. The end result of these changes is a decrease in stroke volume and ejection fraction, leading to a compensatory tachycardia, increased ventricular compliance, and a decrease in arteriolar resistance. Fluid therapy will modify this hemodynamic profile. Fluid administration can increase venous return, compensating for the increased capillary leak and increased venous capacitance. Compensatory changes for the decreased ejection fraction include tachycardia, increased ventricular compliance, and decreased arteriolar resistance. In the early stages of sepsis, prior to fluid therapy, patients may present with a decreased cardiac output. Fluid therapy will usually result in a hyperdynamic state with a high normal or elevated cardiac output. After adequate restoration of left ventricular preload, hypotension -if present -is dependent on the degree of decreased systemic vascular resistance and on impairment of contractility.
Even with restoration of adequate blood pressure and normal or supranormal cardiac output, signs of tissue hypoperfusion may persist. This is often called 'distributive shock' and may be related to maldistribution of blood flow at the regional (splanchnic, mesenteric, and renal) or microvascular level and/or a cellular inability to utilize oxygen despite adequate oxygen delivery (cytotoxic hypoxia). Whether these abnormalities are present at the onset of sepsis or represent a progression of events is poorly understood. However, it is believed that early intervention with aggressive hemodynamic support can limit the damage of sepsis-induced tissue hypoperfusion and limit or prevent the development of endothelial injury. Support for this hypothesis is offered by the results of the early goal-directed therapy (EGDT) study conducted by Rivers and coworkers [7] .
Septic shock defined as sepsis with refractory hypotension (systolic blood pressure < 90 mmHg, mean arterial blood pressure < 60 mmHg or a drop of ≥ 40 mmHg from baseline pressures), despite fluid administration, has traditionally been utilized to conceptualize the clinical syndrome of persistent sepsis-induced tissue hypoperfusion. Blood pressure alone is unlikely to be sufficient in identifying the presence or absence of tissue hypoperfusion in patients with sepsis; patients with sepsis-induced hypoperfusion can present with normal blood pressures. It is therefore important to recognize other signs that are indicative of tissue hypoperfusion. Markers of tissue hypoperfusion can be classified into two groups: indices of global hypoperfusion and indices of regional hypoperfusion (Table 1) . A recent International Sepsis Definitions Conference recommended expanding the diagnostic criteria for sepsis [8] . Many of these criteria, including altered mental status, organ dysfunction parameters, acute oliguria, hyperlactatemia (> 3 mmol/l), and decreased capillary refill or motling, suggest the presence of tissue hypoperfusion. It is clinically important that tissue hypoperfusion be recognized, despite what may appear to be 'normal' blood pressures, and should trigger timely and aggressive hemodynamic support interventions.
Hemodynamic monitoring
Patients with evidence of sepsis-induced tissue hypoperfusion should be treated in a monitored area, preferably an intensive care unit. Noninvasive monitoring with continuous electrocardiography and pulse oxymetry should be initiated. Additional invasive monitoring is often utilized and can aid in determining the adequacy of hemodynamic support interventions. Arterial pressure monitoring with an indwelling arterial catheter can provide accurate and continuous blood pressure measurements. This is especially useful in patients with very low blood pressures, in whom noninvasive blood pressure measurements may be inaccurate, or in patients on vasopressors, in whom sudden changes in blood pressure may occur. The radial artery is preferred, although the femoral artery is also commonly utilized.
Central venous pressure (CVP) has been used for many years as a monitor of central venous blood volume. Normal CVP is approximately 2-8 mmHg. CVP is measured through a pressure transducer connected to a central venous catheter in the thoracic central veins (internal jugular or subclavian). The validity of CVP measurements in patients with sepsis is widely debated. It is commonly accepted that a very low CVP is indicative of low intravascular volumes and supports the administration of fluids (crystalloids or colloids) for volume expansion and improvement in tissue hypoperfusion. However, an elevated CVP does not always correlate with adequate intravascular volume. Despite these limitations, Recently, continuous measurement of central venous oxygen saturation (ScvO 2 ) using a central venous catheter has garnered increasing attention. Rivers and coworkers [7] randomized patients with sepsis-induced hypoperfusion to receive either standard resuscitation or an early-goal directed protocol during the first 6 hours of admission to the emergency department. The EGDT protocol included a ScvO 2 of 70% or more as one of the predefined end-points of resuscitation. In that study there was a significant improvement in mortality in the EGDT group compared with the standard resuscitation group (30.5% versus 46.5%; P = 0.009).
Monitoring techniques do not directly affect outcome. It is the proper use of this information to guide clinical interventions that potentially has an impact on patient outcomes. Current recommendations for hemodynamic management of septic shock include arterial canulation for monitoring of blood pressure and assessment of cardiac filling pressures (central venous catheterization, pulmonary artery catheterization, or echocardiography) [9] .
Goals of hemodynamic support
Sepsis-induced tissue hypoperfusion leads to inadequate delivery of oxygen and nutrients to tissues. The principal goals of hemodynamic support in patients with sepsis are restoration of effective tissue perfusion and normalization of cellular metabolism. In order to facilitate hemodynamic optimization targets for treatment include intravascular volume, blood pressure, and CO.
Restoration of adequate intravascular volume should be the first goal in resuscitation. Adequate intravascular volume should be determined by achieving filling pressures associated with maximal increases in CO. In patients who are not undergoing invasive monitoring, establishing goals for clinical markers of perfusion such as heart rate (< 100 beats/min), mean arterial pressure (> 65 mmHg), and urine output (> 0.5-1 cc/kg per hour) is appropriate. However, in many patients these markers may be unreliable as sepsis-induced tissue hypoperfusion may occur even with normal values. Variations in arterial pressure during positive pressure ventilation have been studied as a measure of responsiveness to increasing preload with volume [10, 11] . Changes caused by positive pressure ventilation in systolic arterial pressure or pulse arterial pressure can predict which patients will respond to fluid loading (increased preload) with an increase in their CO. The degree of change observed in systolic arterial pressure or pulse arterial pressure during the respiratory cycle correlates directly with the response in terms of CO augmentation that a patient will have to a predetermined fluid challenge. When invasive monitoring is available to assess filling pressures, a CVP of 8-12 mmHg (higher in patients on mechanical ventilation or patients with poor compliance) or a PAOP of 12-15 mmHg are recommended as targets [9] .
Blood flow to vital organs is usually preserved at a relatively constant rate by autoregulatory mechanisms when mean arterial pressure (MAP) is maintained between 60 and 120 mmHg. When MAP drops below 60 mmHg hypoperfusion can occur. It is important to appreciate that in patients with chronic hypertension the relationship between MAP and organ perfusion might be shifted to the right. This means that patients with chronic hypertension might need a higher MAP to ensure that there is adequate organ flow to vital organs.
There is a paucity of data to indicate what MAP threshold should be used in patients with sepsis-induced hypoperfusion. One study demonstrated that raising the MAP from 65 to 75 to 85 mmHg was not associated with significant differences in measurements of oxygen delivery, or global or regional perfusion [12] . Current guidelines recommend the maintenance of a MAP of 65 mmHg or greater as an endpoint for resuscitation [9, 13] . It is important to supplement this end-point with other markers of perfusion as well as clinical considerations that may apply to individual patients.
Most patients with sepsis will have adequate CO after aggressive fluid resuscitation. However, in early unresuscitated sepsis and in a subgroup of patients later in the disease process and after adequate resuscitation, there is evidence of low or inadequate CO. The CO can be measured using various techniques; those most commonly utilized in critically ill patients include thermodilution measurements with PACs and echocardiographically derived measurements. In addition, the measurement of SvO 2 or ScvO 2 can be utilized as a surrogate for adequate CO. An adequate CO is an important end-point for resuscitation in patients with sepsis-induced tissue hypoperfusion. As a general rule one should aim for a cardiac index (CO [l/min]/body surface area [m 2 ]) of 3.0 l/min per m 2 or greater. A SvO 2 of at least 65% or a ScvO 2 of at least 70% can be used as targets of adequate oxygen delivery. The importance of implementing early goal-directed hemodynamic support in patients with sepsis-induced hypoperfusion (defined as low blood pressure despite fluid resuscitation or a lactate > 4 mmol/l) has been identified by the results of the study by Rivers and coworkers [7] . The Surviving Sepsis Campaign has recommended that the following end-points of resuscitation be targeted [14] : CVP 8-12 mmHg (higher in mechanically ventilated patients); MAP at least 65 mmHg; urine output at least 0.5 ml/kg per hour; and ScvO 2 or SvO 2 of at least 70%. These end-points have been incorporated into the Surviving Sepsis Campaign sepsis resuscitation bundle (Table 2) , and should be achieved as a group within first 6 hours of treatment [15] . At our institution we have adopted a protocol (based on the work of Rivers and coworkers [7] ) that is implemented in patients with sepsis-induced hypoperfusion as soon as they are identified in the emergency department or general ward, and is then continued as a guide for resuscitation once the patient is transferred to the intensive care unit (Figure 1 ).
Therapy

Fluid resuscitation
The initial step in optimizing hemodynamics and treating sepsis-induced hypoperfusion is aggressive fluid resuscitation. Although experts agree on the value and importance of early and aggressive fluid resuscitation, controversy over the optimal type of fluid continues. The debate has centered on the use of crystalloids (saline, Ringers' lactate) versus the use of colloids (albumin, hydroxyethyl starches). There are no prospective randomized trials in patients with sepsis and septic shock that clearly address this issue. Meta-analyses of clinical studies performed in general critical care patient populations, mostly surgical and nonseptic, have demonstrated no difference in clinical outcomes between patients fluid resuscitated with crystalloids and those receiving colloids [16] [17] [18] . Extrapolation of these results to patients with sepsis-induced tissue hypoperfusion is difficult. In patients with septic shock targets of resuscitation can be achieved with both types of fluids, although studies have demonstrated that less fluid is required to achieve these goals when colloids are utilized [19] .
The recently published SAFE (Saline versus Albumin Fluid Evaluation) study [20] prospectively randomized 7000 critically ill patients to receive 4% albumin or 0.9% saline for fluid resuscitation. There were no significant differences between the two groups in the following outcome measures: mortality, days spent in the intensive care unit, days spent in Table 2 Surviving Sepsis Campaign: sepsis resuscitation bundle
Step Patients with sepsis-induced tissue hypoperfusion often present with significant intravascular volume deficits. It is important to initiate aggressive resuscitation as soon as Goal-directed resuscitation protocol for severe sepsis (employed at authors' institution). BP, blood pressure; CVP, central venous pressure; ETI, endothracheal intubation; HCT, hematocrit; MAP, mean arterial pressure; PA, pulmonary artery; SBP, systolic blood pressure; ScvO 2 , central venous oxygen saturation. Adapted with permission from Rivers and coworkers [7] .
possible. The first step should be an adequate volume challenge with at least 20 cc/kg of crystalloids or an equivalent amount of colloids. Resuscitation should continue until end-points of CVP, MAP, and CO are met with the administration of fluid challenges (500-1000 cc crystalloids or 300-500 cc colloids). Once end-points are met it is important to re-evaluate tissue perfusion continuously to determine the need for further volume expansion.
Blood transfusions
Blood transfusions have been associated with immunosuppression, and there are concerns regarding the ultimate ability of stored red blood cells to carry and deliver oxygen [21, 22] . Studies evaluating outcomes based on different hemoglobin thresholds for transfusions in a general population of critically ill patients have suggested that keeping hemoglobin level above 10 g/dl offered no benefits when compared with a more conservative target of 7 g/dl [23] . However, these studies did not include patients with sepsisinduced tissue hypoperfusion. In contrast, transfusion of packed red blood cells as part of the EGDT protocol in patients with a hematocrit below 30% and a ScvO 2 below 70%, despite achieving a CVP above 8 mmHg and a MAP above 65 mmHg, was associated with significant improvement in mortality in the study conducted by Rivers and coworkers [7] . It is probably more appropriate to target hemoglobin of 8-10 g/dl in patients with sepsis, recognizing that some patients with altered oxygen transport will likely benefit from blood transfusions targeted at achieving a ScvO 2 or 70% or more.
Vasopressors
Some patients with sepsis-induced hypoperfusion may remain hypotensive despite adequate fluid replacement. In these patients vasopressor agents to increase MAP should be utilized. Catecholamines such as dopamine, epinephrine (adrenaline), norepinephrine (noradrenaline), and phenylephrine have traditionally been used to raise blood pressure in patients with septic shock (Table 3 ). The ideal vasopressor has been a subject of unresolved discussion, mostly resulting from the lack of convincing data supporting improved outcomes with a particular agent. Other important factors to consider in choosing a vasopressor include other hemodynamic effects, individual patient characteristics, and potential effects of vasopressors on regional vascular beds (splanchnic circulation and renal circulation). Dopamine and epinephrine are more likely to cause or exacerbate tachycardia than norepinephrine and phenylephrine. Dopamine, epinephrine, and norepinephrine will increase CO through β receptor stimulation. This effect is much more pronounced with dopamine and epinephrine than with norepinephrine. Phenylephrine is a pure α agonist and is anticipated to decrease CO.
Several studies have evaluated the effects of vasopressors on the splanchnic circulation [24] [25] [26] . The body of literature available appears to indicate that epinephrine is associated with the least favorable regional perfusion profile, with dopamine and norepinephrine demonstrating more favorable effects on regional splanchnic perfusion. Dopamine stimulates D 1 (dopaminergic) receptors in the renal regional circulation, producing vasodilation and increased blood flow. This is one of the reasons why for many years clinicians have utilized low doses of dopamine to protect kidney function. However, a well designed randomized clinical trial [27] and a recent meta-analysis [28] demonstrated no benefit in outcomes (mortality, need for renal replacement therapy, and peak serum creatinine) with the use of renal dose dopamine. Current recommendations strongly emphasize that dopamine at so called renal doses (low doses) should not be utilized in critically ill patients to protect renal function [9, 13] . For many years it was proposed that norepinephrine was associated with significant vasoconstriction, resulting in decreased renal blood flow. However, animal and human studies have demonstrated beneficial effects on renal perfusion when norepinephrine is utilized to increase blood pressure in septic shock [29, 30] . There are few published studies evaluating vasopressor agents against each other in terms of outcome benefits. One randomized clinical study [31] found that norepinephrine was more effective than dopamine in correcting sepsis-induced hypotension. No benefit in mortality was demonstrated, although the size of the study (n = 32) is a limiting factor in making outcome conclusions. Another cohort study [32] identified the use of norepinephrine as an independent factor associated with decreased mortality in patients with septic shock.
More recently, vasopressin has been proposed as a potential vasopressor in patients with sepsis. Vasopressin -an endogenous hormone with vasoconstrictor effects -plays an important role in the physiologic response to hypotension [33] . Serum vasopressin levels in septic shock are decreased in comparison with other shock states (e.g. cardiogenic shock), resulting in a 'relative deficiency' of vasopressin [34, 35] . This deficiency appears to develop over the first 24 hours of septic shock after an initial increase in vasopressin serum levels [36] . These findings led to several small studies that demonstrated the ability of low-dose vasopressin infusions (0.01-0.04 U/min) to increase blood pressure and decrease the amount of catecholamines utilized in patients with vasodilatory shock [34, [37] [38] [39] . Initial enthusiasm has been followed by caution following studies suggesting potential detrimental effects of vasopressin on splanchnic circulation and cardiac performance [40, 41] . In addition, a recently published study [42] demonstrated that administration of a nonselective nitric oxide inhibitor (N G -methyl-L-arginine) in septic shock produced significant increases in mean arterial blood pressure and mortality. This study suggests that increasing the blood pressure with certain drugs, despite its intuitive appeal as something beneficial, can be associated with worse outcomes.
Vasopressors should be utilized in patients who remain hypotensive after volume expansion or during volume resuscitation in the presence of life-threatening hypotension. Vasopressor therapy should be targeted to maintain a MAP of 65 mmHg or greater. Norepinephrine or dopamine should be used as first-line agents to correct hypotension in patients with sepsis [9, 13] . Epinephrine and phenylephrine are recommended in patients who do not respond to initial vasopressors [9, 13] . Finally, vasopressin is not recommended as a first-line agent. It can be used as hormone replacement, given at low doses (0.01-0.04 U/min) 24 hours after the onset of shock, in cases refractory to other vasopressors [9, 13] .
Inotropes
Cardiac function is impaired in most patients with sepsisinduced hypotension after fluid resuscitation. Myocardial dysfunction in sepsis is complex and usually characterized by ventricular dilation, decreased ejection fraction, and impaired contractile response to fluid resuscitation [43, 44] . In patients with low CO despite fluid administration, it is recommended that inotropic agents be utilized to increase CO. The agent of choice is dobutamine, a catecholamine with selective β 1 adrenergic effect. Studies have shown that dobutamine, at doses ranging from 2 to 28 µg/kg per min, results in increased cardiac index, stroke volume, and heart rate in patients with sepsis [45] [46] [47] . In patients with hypotension dobutamine should be used in conjunction with a vasopressor agent. Dopexamine, a dopamine analog with β and dopamine agonist effects, has also been proposed as a useful inotrope agent for patients with sepsis. Currently not approved for use in the USA, it has been evaluated in small studies in Europe [48, 49] . The use of inotropes to achieve supranormal or 'supraphysiologic' CO in sepsis is not recommended. Although, early studies conducted in high-risk surgical patients suggested improved outcomes with an approach that increased oxygen delivery to 'supraphysiologic' levels, two prospective randomized clinical trials [50, 51] failed to demonstrate outcome benefits with supranormal oxygen delivery. Current recommendations strongly emphasize that strategies to increase oxygen delivery beyond normal values should not be implemented in patients with sepsis [9, 14] .
Conclusion
Herein we review the principles of hemodynamic optimization in patients with sepsis-induced hypoperfusion. Although we have much to learn regarding this very important aspect of sepsis, it is important to recognize tissue hypoperfusion as a medical emergency. As such it is essential to implement therapeutic interventions aimed at correcting tissue hypoperfusion as soon as possible. The initial intervention should be administration of volume (crystalloids or colloids). For patients who require vasopressors, norepinephrine or dopamine should be utilized as first-line agents. Some patients may require dobutamine to increase low CO. Implementation of hemodynamic interventions targeting predefined end-points is a time-sensitive therapy that has a significant impact on decreasing morbidity and mortality from sepsis.
